The relict plastid (apicoplast) of the malaria parasite is the site for important biochemical pathways and is essential for parasite survival. The sulfur mobilization (SUF) pathway of iron-sulfur [Fe-S] cluster assembly in the apicoplast of Plasmodium spp. is of interest due to its absence in the human host suggesting the possibility of antimalarial intervention through apicoplast [Fe-S] biogenesis. We report biochemical characterization of components of the Plasmodium falciparum apicoplast SUF pathway after the first step of SUF. In vitro interaction experiments and in vivo crosslinking showed that apicoplast-encoded PfSufB and apicoplast-targeted PfSufC and PfSufD formed a complex. The PfSufB-C 2 -D complex could function as a scaffold to assemble [4Fe-4S] clusters in vitro and activity of the PfSufC ATPase was enhanced by PfSufD. Two carrier proteins, the NifU-like protein PfNfu and the A-type carrier PfSufA are homodimers, the former mediating transfer of [4Fe-4S] from the scaffold to a model [4Fe-4S] target protein with higher efficiency. Conditional knockout of SufS, the enzyme catalyzing the first step of SUF, by selective excision in the mosquito stages of Plasmodium berghei severely impaired development of sporozoites in oocysts establishing essentiality of the SUF machinery in the vector. Our results delineate steps of the complete apicoplast SUF pathway and demonstrate its critical role in the parasite life cycle.
Introduction
Iron-sulfur [Fe-S] clusters are inorganic cofactors that are found on proteins from a range of biological processes and are present in most organisms. The assembly of [Fe-S] clusters on apoproteins is not a spontaneous process but is mediated by distinct pathways that mobilize sulfur atoms from L-cysteines, and assemble them onto scaffold components. The scaffold also receives iron from iron donors [1] and the assembled [Fe-S] clusters are transferred to the target apoprotein via carrier protein(s). In bacteria, three distinct sets of factors/enzymes encoded as operons assemble [Fe-S] clusters; the bacterial [Fe-S] cluster formation (ISC), sulfur mobilization (SUF), and nitrogen fixation (NIF) operons encode proteins that are components of the ISC, SUF, and NIF assembly systems [2] . The ISC Abbreviations ABC, ATP-binding cassette; CIA, cytosolic iron-sulfur cluster assembly system; DCS, D-cycloserine; Flp, flippase recombinase; FRT, flippase recognition target; GST, glutathione-S-transferase; ISC, iron-sulfur cluster formation; MBP, maltose-binding protein; MRO, mitochondrionrelated organelle; NIF, nitrogen fixation iron-sulfur assembly system; PLP, pyridoxal phosphate; RBC, red blood cell; RMSD, root mean square deviation; SufScKO, SufS conditional knockout; SUF, sulfur mobilization iron-sulfur assembly system; TRAP, thrombospondin-related adhesive protein.
system is the major [Fe-S] biogenesis system with the SUF system being activated under iron starvation or oxidative stress [3, 4] . However, SUF is the primary assembly pathway in organisms such as Mycobacterium tuberculosis and cyanobacteria [5] . In eukaryotes, [Fe-S] assembly systems are thought to have evolved from bacterial endosymbionts [6, 7] ; the ISC pathway is the mitochondrial assembly system while the SUF pathway is found in plastid-containing protozoa and plants [8, 9] . The ISC system not only supplies [Fe-S] clusters to mitochondrial proteins but also to [Fe-S] proteins in the cytosol and nucleus [10] [11] [12] . In addition, the cytosolic iron-sulfur cluster assembly system (CIA) machinery required for maturation of cytosolic and nuclear [Fe-S] proteins is found in most eukaryotes [13, 14] .
Among protozoa, components of the ISC pathway are retained in relict organelles of amitochondriate protists such as the hydrogenosome of Trichomonas vaginalis, mitosomes of Entamoeba histolytica and Giardia intestinalis and the remnant mitochondrion of Cryptosporidium parvum in addition to their cytosolic CIA machinery [15] . An intriguing observation has been made in the anaerobic parasite Blastocystis which, in addition to possessing an ISC system within its mitochondrion-related organelle (MRO), contains a chimeric protein possibly derived from the SUF system of nonpathogenic Archaea [16] . The Bh-SufCB protein carries fused domains of SufB and SufC, has similar biochemical properties, and functions within the cytosol [16] .
The apicoplast, the relict plastid of the malaria parasite, harbors a functional SUF pathway [17] [18] [19] and components of the ISC pathway partition to the parasite mitochondrion [20, 21] . Constituents of the parasite's CIA system have also been identified by bioinformatics analyses [12, 22] . Except apicoplastencoded SufB in Plasmodium spp., all constituent proteins of the SUF pathway are nuclear-encoded and targeted to the apicoplast [17, 21, 23] . These include the cysteine desulfurase SufS and its interacting partner SufE [18] , SufC and SufD that are predicted to constitute the scaffold complex with SufB [17, 23] , and putative carrier proteins SufA and Nfu [23, 24] . In Plasmodium falciparum, dominant negative mutant parasites of SufC have been demonstrated to have dysfunctional apicoplasts that generate inviable parasites in the erythrocytic stages [21] . Components of the SUF pathway in Plasmodium berghei have also been reported to be refractory to gene deletion [23] . Apicoplast proteins that likely require [Fe-S] clusters include ferredoxin, two enzymes (IspG and IspH) of the DOXP pathway of isoprenoid biosynthesis [25] , lipoic acid synthase (LipA), and MiaB (tRNA methylthiotransferase) [23, 26] .
Previous work from our laboratory characterized the interaction of PfSufS and PfSufE required for mobilization of sulfur from L-cysteine in the first step of [Fe-S] cluster assembly in the apicoplast [18] . The PfSufS-PfSufE complex was detected in vivo and cysteine desulfurase activity of PfSufS was greatly enhanced by PfSufE. Proximal positioning of conserved cysteine residues of the two proteins that would allow sulfide transfer from the pyridoxal phosphate (PLP)-cofactor bound active site of PfSufS was proposed [18] . PfSufS can also functionally complement Escherichia coli deficient in SufS [21] . Although Lcysteine is the identified source of elemental sulfur, an iron source for building [Fe-S] clusters has not been clearly identified so far. In Plasmodium spp., a homolog of the iron-binding bacterial protein YfhJ has been proposed to have taken over the function of the irondonor frataxin protein [27] [28] [29] [30] .
Following mobilization of sulfur and iron, assembly of [Fe-S] requires a scaffold which provides a chemical and structural environment to facilitate cluster assembly. Interaction between the apicoplast-encoded scaffold component PfSufB and the apicoplast-targeted PfSufC ATPase has been reported [17] . Unlike E. coli SufB but similar to Arabidopsis plastid SufB, PfSufB also exhibits ATPase activity [17, 31] . We now provide biochemical evidence for the presence of a SufB-C 2 -D scaffold complex that assembles a [4Fe-4S] cluster in P. falciparum. Our results also confirm both PfSufA and PfNfu as carrier proteins for transfer of preassembled [4Fe-4S] clusters from the scaffold onto target apoproteins in the last step of [Fe-S] biogenesis in the apicoplast. The possibility of chemical intervention in the SUF pathway was demonstrated by D-cycloserine (DCS)-mediated inhibition of PfSufS-catalyzed sulfide release and the inimical effect of DCS on parasite growth in blood culture [18] . We now validate PfSufS as an essential protein for parasite survival in the mosquito stages by generating a conditional knockout in P. berghei and strengthen the position of the SUF pathway as a potent target for antimalarial intervention.
Results
Interactions between components of the apicoplast SUF scaffold complex
In order to investigate the composition of the SUF scaffold complex in the P. falciparum apicoplast, we probed interactions between its putative constituents -apicoplast-encoded PfSufB and nuclear-encoded PfSufC and PfSufD. In E. coli, the three proteins are known to constitute a scaffold and each component of the scaffold is critical for in vivo [Fe-S] cluster biosynthesis by the SUF pathway [3, 7, 32] . As PfSufB-PfSufC interaction had been previously established by us using recombinant proteins [17] , we expressed a conserved region of PfSufD [amino acids (aa) 906-1462] as a 66 kDa 6X His-tagged recombinant protein in E. coli (Fig. 1A and S1A ). PfSufD has 21% identity with its E. coli homolog and has a long N-terminal extension; the PfSufD region to be expressed was selected on the basis of alignment with E. coli SufD, leaving out the extended unconserved N-terminal sequence (Fig. S1A) . A long extension at the N terminus is also found in SufD homologs in apicomplexan parasites Toxoplasma and Cyclospora, although there is little sequence conservation in this region; Eimeria SufD has a much shorter N-terminal extension (Fig. S1A) . Purified PfSufD showed a major band at 66 kDa with smaller degradation products (Fig. 1A,B and S1B). Antibodies generated against PfSufD recognized specific bands at~168 and~77 kDa in the parasite lysate (Fig. 1C) . The predicted size of the signal peptide-cleaved PfSufD is 168 kDa and the~77 kDa band is likely to represent the processed form of the protein (Fig. S1A) . Approximately 30 aas following the signal cleavage site are predicted to suffice as the transit peptide (PLASMOAP and PATS software analysis, www.plasmodb. org) although the actual transit cleavage site may be further downstream. The additional large stretch of the N-terminal unconserved region is possibly cleaved to yield the~77 kDa protein.
Interactions of PfSufD with PfSufB and PfSufC were investigated in vitro. Purified 6XHis-tagged PfSufD was incubated with amylose beads bound to maltose-binding protein (MBP)-tagged PfSufB int [17] and beads were washed extensively to remove unbound protein followed by release of proteins from the matrix. PfSufD was retained on MBP-PfSufB int beads as observed by western blotting of the released sample ( Fig. 2A, lane 3) . PfSufD did not interact with control 66 kDa protein with a major degradation product of~25 kDa as seen in a coomassie-stained gel. (B) Size-exclusion chromatography of purified PfSufD detects peaks corresponding to the size expected for the intact protein (66 kDa, peak 1) and the major degradation product (~26 kDa, peak 2). Inset plot shows marker proteins (size in brackets) plotted against the elution volume. Inset gel shows Coomassie-stained SDS/PAGE of the chromatography peaks. (C) Antiserum raised against recombinant PfSufD (I) recognized specific bands at~168 and~77 kDa. 168 kDa is the predicted size of the signal peptide-cleaved PfSufD and thẽ 77 kDa band is likely to represent the processed form of the protein from which a large N-terminal sequence including the transit peptide has been removed. No signal was detected with the preimmune (PI) serum. MBP-bound beads and was removed in the wash ( Fig. 2A, lane 2) . Similarly, glutathione-agarose beads bound to glutathione-S-transferase (GST)-tagged PfSufC or GST alone were incubated with PfSufD. PfSufD was retained on the GST-PfSufC-bound beads after washing and was detected in western blot of the released protein sample (Fig. 2B, lane 3) . PfSufD was not retained on control GST-bound beads alone (Fig. 2B, lane 2) . Independent interaction of PfSufD with PfSufB and PfSufC was thus indicated. Interaction of PfSufD with SUF proteins in the parasite was further investigated by a pull-down assay using Ni-nitrilotriacetic acid beads bound to recombinant PfSufD. Total parasite lysate was incubated with the beads followed by extensive washing and elution. Proteins corresponding in size to PfSufB and processed PfSufC were detected in the eluate in addition to recombinant PfSufD (Fig. 3, panel A) . Identity of the eluted proteins was confirmed by western blotting using anti-SufB int Ab (Fig. 3, panel B) , anti-SufC Ab (Fig. 3, panel C) , and anti-His Ab for recombinant PfSufD (Fig. 3, panel D) . No signal was observed when lysate was incubated with beads alone. Interaction between PfSufD and P. falciparum native SufB and SufC was thus confirmed.
PfSufD enhances the ATPase activity of PfSufC
The PfSufC is a member of the ATP-binding cassette (ABC) superfamily and carries conserved Walker motifs [33] (Fig. 5B) . ATP hydrolysis by bacterial SufC is known to be stimulated by SufD [34] . Incubation with PfSufD also significantly enhanced the basal ATPase activity of PfSufC when the two recombinant proteins were incubated in equimolar concentrations (comparison of activity of PfSufC alone + PfSufD alone versus activity upon coincubation, P value = 0.00074; Fig. 4A ). ATPase activity of PfSufC is not enhanced by PfSufB int [17] and the PfSufC-SufD complex exhibits significantly higher ATP hydrolysis than the PfSufB int -PfSufC complex (Fig. 4B) . We next measured ATP hydrolysis by the predicted complex of the three proteins by coincubating PfSufB int , PfSufC, and PfSufD in the molar ratio of 1 : 2 : 1. The ATPase activity of the three-protein complex did not exceed the added activities of the individual PfSufB intPfSufC and PfSufC-PfSufD complexes (Fig. 4B) suggesting that ATP hydrolysis is not further enhanced by the interaction of PfSufB int with PfSufD. Minor differences in the level of PfSufC activation by PfSufD are observed with different preparations of the PfSufD (compare Fig. 4A ,B) possibly due to the relative instability of the recombinant protein. However, activation of PfSufC ATPase activity by PfSufD is consistently significant (P value = 0.0022 in Fig. 4B ).
In order to understand the effect of PfSufD on the ATPase domain of PfSufC, modeling of the PfSufCPfSufD interaction was carried out by first generating a structure model of PfSufD based on the crystal structure of E. coli SufD [35] (Fig. 5B) protein consists of an N-terminal helical domain, a core domain composed of flattened nine b-helical turns and a C-terminal helical domain; insertions in PfSufD appeared as loops in the model. PfSufD was then docked with previously modeled PfSufC [17] using the GRAMXX docking server to derive a PfSufC-PfSufD complex (Fig. 5B) . The model was compared with the reported E. coli SufC 2 -D 2 structure (PDB id: 2ZUO) [35] and had an RMSD of 0.281 A. The C-terminal helical domain of PfSufD was predicted to interact with a binding pocket in PfSufC through hydrophobic interactions and hydrogen bonds.
PfSufB-C-D form a complex that binds a [4Fe-4S] cluster
Having established independent PfSufB-PfSufC, PfSufD-PfSufC, and PfSufB-PfSufD interactions, we investigated the stoichiometry of the complex by in vivo cross-linking using dithiobis(succinimidyl propionate; DSP). A cross-linked complex of~190 kDa was detected upon western blotting with anti-PfSufD, anti-PfSufB, and anti-PfSufC Abs (Fig. 5A) ; this is the size expected for a complex containing PfSufB, PfSufC, and PfSufD in a stoichiometric ratio of 1 : 2 : 1 [PfSufB (55 kDa) + PfSufC (2 9 29 kDa) + PfSufD (77 kDa)]. Decrease in intensity of the complex upon dithiothreitol (DTT) treatment accompanied by release of SUF proteins with DTT concentration ranging from 10 to 200 mM confirmed that thẽ 190 kDa band was a cross-linked protein complex. The apicoplast SUF scaffold complex was thus likley to exist as a PfSufB-C 2 -D assembly. Recombinant forms of the three proteins also cross-linked in vitro to generate a product of~190 kDa corresponding to the size of a molecular complex containing recombinant PfSufB int , PfSufC, and PfSufD in the ratio of 1 : 2 : 1 (data not shown).
The ability of the PfSufB-C 2 -D scaffold to assemble [Fe-S] clusters was determined by in vitro reconstitution of [Fe-S] using ferrous ammonium sulfate and sodium sulfide as iron and sulfur donors. PfSufB int , PfSufC, and PfSufD alone did not bind [Fe-S] (Fig. 6) ; a preassembled PfSufB int -C 2 -D complex bound a [4Fe-4S] (cubane) cluster as evident from a peak at 420 nm, rather than peaks at around 330 and 420 nm and shoulder near 460 nm that are indicative of [2Fe-2S] clusters [36, 37] (Fig. 6A ). These results suggest that PfSufB-C 2 -D is likely to function as a scaffold in the apicoplast capable of assembling [4Fe-4S] clusters. The level of cluster formation on the P. falciparum complex is lower than that observed for E. coli SufB-C 2 -D [36, 38] . This could be because recombinant PfSufB int represents only an internal region of P. falciparum SufB [17] ; although PfSufB int interacts with both PfSufD and PfSufC, efficiency of cluster formation might be compromised.
The PfSufB-C 2 -D interaction model was generated by protein-protein docking of the previously reported PfSufB-SufC interaction model [17] and the PfSufCSufD interaction model described above. A total of 10 solutions generated using the GRAMM-X server were analyzed with respect to the template (EcSufB-C 2 -D; PDB ID: 5AWF) [38] and the model with least RMSD was selected as probable pose for PfSufB-C 2 -D complex (Fig. 5C) . In E. coli, Cys 405 of SufB and His 360 of SufD that position at the SufB-SufD interface have recently been shown to be indispensable for [Fe-S] cluster assembly [38] . Both these residues are conserved in the P. falciparum homologs (Cys 379 in PfSufB and His 1396 in PfSufD). Although the specific role of these residues in cluster assembly in P. falciparum remains to be confirmed, their position and orientation in the PfSufB-C 2 -D model is similar to that in E. coli.
Dimeric PfSufA and PfNfu can bind and transfer [4Fe-4S] clusters
Two putative [Fe-S] carrier proteins (SufA and Nfu) are targeted to the apicoplast in P. berghei [23, 24] but their functions in the SUF pathway have not been elucidated. Orthologs of the proteins in P. falciparum, PfSufA, and PfNfu, were expressed as 6XHis-tagged recombinant proteins in E. coli. PfSufA is predicted to be an A-type carrier (ATC) protein and contains conserved cysteine residues typical of ATCs; PfNfu contains a single Nfu domain with a conserved CxxC motif involved in binding and transfer of [Fe-S] clusters [39] (Fig. S2 ). The predicted processed forms of PfSufA (aa: 68-177;~13 kDa) and PfNfu (aa: 84-247;~22 kDa) lacking the apicoplast targeting signal and transit peptide (Fig. S2 ) expressed as soluble proteins and purified as dimers (Fig. 7A,B) . A peak corresponding to a PfSufA tetramer was also seen in gel filtration chromatography [ Fig. 7A (iv) ]. Complete conversion of PfSufA dimers to monomer on SDS/ PAGE was seen only after treatment with urea, with DTT having no effect on the dimer [ Fig. 7A (iii)] demonstrating that strong electrostatic interactions held two PfSufA molecules together. Purified Although absorption around 420 nm is not very high, it is consistent with literature on E. coli SufA and human and Arabidopsis Nfu [37, 40, 41] .
We next tested the ability of PfSufA and PfNfu to transfer [Fe-S] clusters onto apoproteins using E. coli aconitase B (AcnB), a known [4Fe-4S] protein, as the model substrate protein. AcnB was isolated and converted into its apo-form followed by incubation with four-fold molar excess of reconstituted holoPfSufA and -PfNfu. After purification by affinity chromatography, AcnB was subjected to UV-VIS absorption analysis. The absorption spectrum of AcnB displayed a peak at 420 nm after incubation with either PfSufA or PfNfu (Fig. 8B ), indicating that both PfSufA and PfNfu can bind and transfer [4Fe-4S] clusters onto apoprotein targets. Transfer of [4Fe-4S] onto apo-AcnB was confirmed by measuring aconitase activity which was restored upon incubation with PfSufA and PfNfu (Fig. 8C ). Significantly higher AcnB activity was observed after cluster transfer from PfNfu compared with PfSufA; this was commensurate with the more prominent [4Fe-4S] AcnB peak observed with PfNfu in the absorption scan (Fig. 8B) . Since DTT can cause artifacts in Fe-S cluster transfer reactions, we tested cluster transfer by PfSufA and PfNfu to apo-AcnB in the absence of DTT. Transfer proceeded without the addition of DTT to the reaction mixture with PfNfu (Fig. 9A) indicating that restoration of AcnB activity upon incubation with PfNfu in the presence of DTT (Fig. 8B,C) is unlikely to be a DTT-mediated iron and sulfur release and reassembly artifact. However, efficiency of transfer by PfSufA without DTT was low indicating that DTT influences the reaction between holo-PfSufA and apo-AcnB (Fig. 9B ). Apicoplast localization of the two proteins [23, 24] indicates that the apicoplast SUF pathway might utilize both PfSufA and PfNfu for transfer of [Fe-S] clusters in the final step of the pathway, although their relative efficiencies may differ.
Conditional knockout of PbSufS severely hampers parasite development in mosquitoes
Generation of sulfide ions from L-cysteine is the first step of the SUF pathway mediated by PfSufS and its interacting partner PfSufE. The cysteine desulfurase PfSufS requires a PLP cofactor and in vitro activity of the enzyme can be inhibited by the PLP adduct-forming compound DCS with a modest IC 50 of 29 lM [18] , suggesting the possibility of drug design against this enzyme. We tested the requirement of SufS for parasite survival by using a flippase recombinase (Flp)/flippase recognition target (FRT)-based conditional mutagenesis system in P. berghei that has the advantage of retaining the intact target gene during blood stages (BSs) and allowing its selective excision in the mosquito stages [42] [43] [44] (Fig. 10) . A P. berghei ANKA thrombospondin-related adhesive protein (TRAP)/ PfSufA and a~26 kDa band corresponding to the size of an intact dimer was seen in a coomassie-stained SDS/PAGE gel with purified recombinant PfSufA (i). The~26 kDa band corresponds to the PfSufA dimer and is recognized by anti-His Ab in a western blot of the purified protein (ii). The dimer is fully converted into monomeric PfSufA in the presence of urea but not DTT (iii), indicating that strong electrostatic interactions are involved in dimerization; (iv) Sizeexclusion chromatography of purified PfSufA detects peaks corresponding to the size expected for the PfSufA tetramer (52 kDa, peak 1), dimer (26 kDa, peak 2), and monomer (13 kDa, peak 3). Inset plot shows marker proteins (size in brackets) plotted against the elution volume. Coomassie-stained gel of the chromatography peaks indicates that the strong PfSufA dimer is not completely broken in SDS/PAGE (lane 1 and 2). (B) A band of~22 kDa corresponding to His-tagged PfNfu monomer is seen in a Coomassie-stained SDS/PAGE gel of the purified protein (i). Size-exclusion chromatography of purified PfNfu detects a single peak corresponding to the size expected for the PfNfu dimer (44 kDa) (ii). Marker proteins (size in brackets) plotted against the elution volume are shown. A 22-kDa monomeric PfNfu is seen upon SDS/PAGE of the dimer peak sample (inset).
FlpL transgenic line, where Flp recombinase is expressed under the control of the TRAP promoter active in the oocyst stage, was employed (S. Mishra, K.A. Kumar, and P. Sinnis, unpublished data). Flp recombinase recognizes the FRT sequence and excises any DNA fragment flanked by FRT. We engineered a stable P. berghei line with FRT sites on either side of the sufS 3 0 -UTR such that upon excision, a sufS mRNA lacking a functional 3 0 -UTR is obtained leading to depletion of the SufS protein in oocyst sporozoites (OS). The SufS targeting plasmid pSufS/FRT consisted of the C terminus of the SufS ORF followed by the first FRT site, 3 0 -UTR of TRAP, hDHFR cassette, the second FRT site and 3 0 -UTR of SufS (Fig. 10A) . The linearized pSufS/FRT plasmid was transfected into erythrocytic stages of the TRAP/FlpL clone. After double-crossover recombination, the endogenous copy of SufS was replaced by pSufS/FRT. Site-specific integration of the targeting plasmid at the SufS locus was confirmed by diagnostic PCR (Fig. 10B,C) . Since the expression of SufS conditional knockout (SufScKO) was driven by TRAP 3 0 -UTR, we checked its development in BSs and found that swapping of SufS 3 0 -UTR with TRAP 3 0 -UTR did not affect asexual BS propagation (Fig. 10D) .
Transmission of SufScKO parasites in mosquitoes was next analyzed by counting the number of oocysts and development of midgut-and salivary gland- associated sporozoites. Although the morphology and number of oocysts was normal in SufScKO-infected mosquitoes up to day 14 postinfection (Fig. 10F) , fewer oocysts showed sporulation (Fig. 10E) . Moreover, the number of salivary gland sporozoites on day 22 p.i. was drastically reduced in SufScKO compared to TRAP/FlpL infection (P < 0.0001; Fig. 10G ). As the number of salivary gland sporozoites was not enough for genomic DNA isolation, genomic DNA from OS was isolated to confirm excision of the 3 0 regulatory region of the gene. PCR using primers F1 and R5 revealed excision of the 3 0 regulatory region in day 21 OS, whereas excision was not detected in erythrocytic stages of SufScKO (Fig. 10H) . A band corresponding to the nonexcised locus was also detected in SufScKO OS. Incomplete excision by the FlpL/FRTmediated conditional mutagenesis system has been reported [42] [43] [44] . Excision PCR results indicate that parasites lacking the PbSufS 3 0 regulatory sequence were not viable.
To check the infectivity of SufScKO sporozoites in vivo, mice were inoculated through mosquito bite (10 mosquitoes per group) and parasitemia was monitored daily. The prepatent period (PPP) was delayed by~4.75 days in SufScKO-infected mice as compared to control TRAP/FlpL infection (Fig. 11A ). All patent mice were checked for excision of the 3 0 regulatory sequence and expression of the SufS protein. Genomic DNA PCR revealed that only nonexcised parasites propagated in BSs and these parasites also expressed SufS (Fig. 11B,C) . The exclusive detection of nonexcised DNA in our experiments shows that only parasites in which FLP-mediated excision had failed were able to survive and proceed to blood-stage infection in mice. SufS has also been shown to be refractory to targeted gene deletion in P. berghei suggesting its essentiality for BS parasites [23] . Our results establish that SufS is critical for the development of sporozoites in mosquito oocysts thus identifying it as an essential protein for parasite development. 
Discussion
Biochemical investigation of the putative P. falciparum apicoplast SUF components after the first step of cysteine desulfuration [17, 18, 21] provides delineation of [Fe-S] biogenesis in the organelle (Fig. 12) . Mobilization of sulfide ions by PfSufS and its interacting partner PfSufE [18] is followed by the assembly of elemental sulfur and iron on a scaffold complex. Although the source of iron remains to be established, it could be from the parasite's labile iron pool, erythrocyte hemoglobin-derived haem, or haem synthesized by the parasite's biosynthetic pathway. The scaffold complex comprising PfSufB, PfSufC, and PfSufD facilitates the assembly of a cubane [4Fe-4S] cluster. The assembled cluster is then transferred onto apoprotein targets in the apicoplast by the NifU-like protein PfNfu and the ATC protein PfSufA, with PfNfu likely to be the major transfer protein in the pathway.
In vivo cross-linking results (Fig. 5A) indicate that the scaffold complex is likely to exist in the PfSufB: PfSufC: PfSufD stoichiometry of 1 : 2 : 1. This is in agreement with our results of pairwise interaction of recombinant proteins by coelution experiments (Fig. 2A,B) as well as previous data [17] which show that PfSufB and PfSufD interact with each other and both proteins also interact independently with PfSufC. A scenario assuming a single PfSufC molecule forming independent linkages with both SufB and SufD (in a 1 : 1 : 1 complex) is difficult to envisage as PfSufB and PfSufD are large proteins and the interaction sites on PfSufC proposed for PfSufC-PfSufB [17] and PfSufC-PfSufD (Fig. 5B) interactions are so positioned that simultaneous direct association of PfSufC with a second partner would not be computationally viable. As discussed below, the proposed 1 : 2 : 1 stoichiometry also retains the positioning of the proposed [4Fe-4S] binding site at the SufB-D interaction interface with the conserved SufB and SufD residues correctly oriented for [Fe-S] assembly (Fig. 5C) .
The PfSufC is an ATPase whose activity is enhanced by interaction with PfSufD but not by PfSufB [17] . This is unlike E. coli where the basal activity of SufC is augmented by both SufB or SufD [34, 45] . In addition, similar to Arabidopsis plastid SufB, P. falciparum apicoplast-encoded SufB exhibits ATPase activity [17, 31] . Molecular modeling of PfSufC-PfSufD on the E. coli template shows that characteristic ABC ATPase motifs of PfSufC (Walker A and Walker B motifs, the ABC signature motif, and Q-loop and D-loop; Fig. 5B ) are in proximity to the PfSufC-PfSufD interaction pocket suggesting that conformational changes imposed by interaction with PfSufD enhance ATP hydrolysis by PfSufC. As in E. coli, PfSufB-PfSufD are likely to provide the scaffold in the PfSufB-C 2 -D complex [38, 46] ; the presence of conserved residues (Cys 379 in PfSufB and His 1396 in PfSufD) that position at the PfSufB-PfSufD interface (Fig. 5C) and have recently been shown to be indispensable for [Fe-S] assembly [38] supports this view. A critical role of SufD for in vivo iron acquisition has been proposed and the protein has been shown to be dispensable for in vivo sulfur transfer in bacteria [47] , suggesting involvement of PfSufD in channeling iron from the source to the scaffold. Previous experiments suggested that the E. coli SufB-C 2 -D complex binds FAD as a redox cofactor and three motifs in SufB were proposed to mediate interaction with the flavin [36] . However, these motifs were found to be spatially separated in the E. coli SufB-C 2 -D structure [38] . Moreover, the proposed flavin-binding motifs are not conserved in PfSufB indicating that the P. falciparum scaffold complex is unable to bind FADH 2 .
The cubane [4Fe-4S] clusters assembled on the apicoplast PfSufB-C 2 -D scaffold are transferred to target apoproteins via either of two carriers, PfSufA and PfNfu (Fig. 12) . Both carrier proteins are dimers that bind [4Fe-4S] clusters in vitro and transfer them to the receiving template protein. As in bacterial SufA, conserved cysteines at the PfSufA dimer interface are likely to bind a [4Fe-4S] cluster [48] . As also shown for E. coli NfuA [39] , PfNfu can directly transfer clusters to apoprotein targets. In vitro cluster transfer reactions suggest that PfNfu is a more efficient carrier than PfSufA, although this may not necessarily hold true within the apicoplast. The possible redundant roles of PfSufA and PfNfu as carriers in the SUF pathway explains why individual genetic knockouts of SufA and Nfu in P. berghei did not affect parasite propagation in mice and the mosquito vector [23, 24] . Although in vitro reconstitution experiments cannot differentiate between scaffolds which assemble [Fe-S] clusters, and carriers which bind an already assembled cluster, the previously demonstrated essentiality of PfSufC [21] indicates that scaffold function of the PfSufB-C 2 -D complex cannot be substituted by another apicoplast protein. The recently reported in vitro reconstitution of Plasmodium vivax SufA that binds [4Fe-4S] [49] is thus consistent with its role as a transfer protein rather than a scaffold.
Our results suggest that [4Fe-4S] is likely to be the major cluster assembled on the scaffold and transferred by carrier proteins in the apicoplast. Among the [Fe-S] cluster proteins believed to be target templates of the SUF pathway in the apicoplast, IspG, and IspH of the isoprenoid biosynthesis pathway and LipA contain [4Fe-4S] clusters [21, 50] ; the putative apicoplasttargeted MiaB has been shown to be a [4Fe-4S] protein in E. coli [51] . However, an important SUF target protein ferredoxin (Fd), that functions as the major apicoplast redox system in conjunction with ferredoxin-NADP+ reductase (FNR) contains [2Fe-2S] clusters [52, 53] . Oxidative and UV radiation-mediated conversion of [4Fe-4S] clusters to [2Fe-2S] forms has been reported [54, 55] and it is possible that oxidizing agents such as H 2 The SUF pathway has been suggested to act as the major [Fe-S] assembly system during oxidative stress in bacteria, a condition that might also prevail in oxygen generating organelles such as plant chloroplasts or the ancestral photosynthetic apicoplast [56] . However, the nonphotosynthetic Plasmodium apicoplast has a reducing environment and is resistant to oxidative stress [57] . Components of the P. falciparum SUF machinery are not induced by oxidative stress [17] implying an essential housekeeping role for the apicoplast SUF system. [Fe-S]-containing proteins in the apicoplast have important functions in organellar pathways and redox balance, suggesting that the SUF pathway will have an important role in apicoplast maintenance and consequent parasite survival. Indeed, a dominant negative mutant of the scaffold complex ATPase PfSufC rendered BS parasites inviable [21] . Our results with a conditional knockout of the P. berghei cysteine desulfurase SufS by selective excision in the mosquito stages show that SufS is essential for sporozoite development in oocysts, thus establishing the essentiality of the SUF pathway for parasite growth in the mosquito vector. Earlier unsuccessful attempts to generate SufS gene knockouts [23] were only suggestive of its requirement for BS development. By using the TRAP/FlpL conditional system, we directly show that functional SufS is essential for sporulation in oocysts. The development of only wild-type (nonexcised) parasites in SufScKO-infected mice suggests that parasites lacking SufS are unable to infect and grow in the mammalian host thus presenting the possibility of using Plasmodium SufS as a multiple-stage drug target candidate.
Although no potent inhibitors are known for the SUF pathway, the possibility of chemical inhibition of PfSufS has been demonstrated previously [18] . The availability of other SUF proteins and assays, particularly those of the scaffold, provides opportunity for identifying drugs that would target SUF function and thus inhibit parasite growth.
Materials and methods

Parasite culture
Plasmodium falciparum strain (3D7) was cultured by the method of Trager and Jensen [58] . 
Cloning, protein expression and purification
The predicted processed forms of PfSufA (PlasmoDB accession no. PF3D7_0522700) and PfNfu (PF3D7_0921400) were PCR-amplified with P. falciparum total cDNA as the template. The sequence encoding aa 67-177 of PfSufA and aa 84-247 of PfNfu were amplified with forward and reverse primers carrying BamHI and HindIII restriction sites, respectively (Table S1 ). The C-terminal conserved region of PfSufD (PF3D7_1103400; aa: 906-1462) was PCR-amplified from parasite genomic DNA using gene-specific primers (Table S1 ). The amplified PCR products were cloned into the pQE-30 vector (Qiagen, Hilden, Germany), and clones were confirmed by DNA sequencing. Escherichia coli TG1 cells were cotransformed with pQE30-sufA, pQE30-nfu, or pQE30-sufD and the RIG plasmid (gift from W. G. J. Hol) [59] . Cultures were grown at 37°C until the A 600 reached 0.4-0.6. Following this, the expression of recombinant proteins was induced with 0.5 mM IPTG for 16 h at 20°C. Recombinant PfSufA (~13 kDa), PfNfu (~22 kDa), and PfSufD (~66 kDa) were purified by affinity chromatography with Ni-nitrilotriacetic acid Superflow (Qiagen). Proteins were eluted with 250 mM imidazole. Eluted PfSufA was dialyzed against a buffer containing 50 mM Tris-Cl pH 7.5, 200 mM NaCl, and 10% (v/v) glycerol. PfNfu and PfSufD were dialyzed against buffer containing 50 mM Tris-Cl pH 7.0, 200 mM NaCl, and 10% (v/v) glycerol. Purified proteins were concentrated and stored at À80°C.
Recombinant 6XHis-PfSufC and MBP-PfSufB int were purified as described previously [17] . PfSufC was subcloned for expression as a GST fusion protein in the pGEX-KG vector. The sequence encoding E. coli AcnB was PCR-amplified from E. coli (strain K12) genomic DNA using forward and reverse primers carrying BamHI and HindIII restriction sites (Table S1 ). The PCR-amplified fragment was cloned into pGEX-KG vector. EcAcnB (~120 kDa) was expressed as a soluble protein in E. coli TG1 cells and was purified by affinity chromatography using glutathione-agarose resin. Purified EcAcnB was stored in a buffer containing 50 mM Tris-Cl pH 7.0, 200 mM NaCl, 10% (v/v) glycerol. Antibodies against purified recombinant PfSufD were generated by subcutaneous immunization in rabbits. After primary immunization with 200 lg protein in Freund's complete adjuvant (1 : 1 v/v), two booster doses (100 lg protein each) were given in incomplete adjuvant. Anti-PfSufC Abs were purified against the recombinant protein by nitrocellulose immobilization and used for western blotting.
Generation of antiserum and western blotting
Ethics statement
For western blotting of parasite lysate, infected erythrocytes were lysed by 0.05% (w/v) saponin lysis, and released parasites (primarily at the trophozoite stage) were washed with PBS, suspended in PBS containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and boiled in 19 Laemmli buffer. Western blot for detecting parasite SufD was probed with anti-SufD serum (1 : 100). Other blots were probed with antiserum or purified antibody as primary Ab and goat anti-rabbit/mouse HRP conjugate (1 : 10 000, Calbiochem, Merck, Billerica, MA, USA) as secondary Ab followed by detection using a chemiluminescence detection system (Millipore, Merck).
ATPase assay
The ATP hydrolysis was assayed using an EnzChek Phosphate Assay Kit (Molecular Probes, Invitrogen, Carlsbad, CA, USA). One mM ATP and 5 lM PfSufC, PfSufD, and PfSufB int alone or in combinations were added to the reaction mixture (50 mM Tris pH: 7.5, 100 mM NaCl, 1 mM MgCl 2 , 1 mM DTT) and assayed for Phosphate (Pi) release according to the manufacturer's instructions. Cuvettes and plasticware used in the assay were pretreated with 'Pi-mop' (1 UÁmL À1 nucleotide phosphorylase, 750 lM 7-methyl guanosine; Sigma-Aldrich).
Protein pull-down assay
Interaction between recombinant PfSufC and PfSufD was investigated by incubating purified GST-tagged PfSufC and purified PfSufD with proteino glutathione-agarose beads (that bind GST-PfSufC) for 1 h. The beads were then washed extensively (1 mL 9 4) with wash buffer [50 mM Tris, 1% (v/v) Triton X-100, 1 mM EDTA, 150 mM NaCl, 0.25% (w/v) bovine serum albumin] followed by extraction in 19 Laemmli buffer at 100°C for 5 min. Extracts were separated on 10% SDS/PAGE followed by western blotting with anti-His (1 : 1000; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-GST (1 : 5000; Sigma-Aldrich) antibodies. Similarly, the interaction between recombinant PfSufD and MBP-tagged PfSufB int was investigated using amylose resin beads (that bind MBP-PfSufB int ) followed by washing and release as above. Proteins were detected by western blotting using anti-MBP (1 : 10 000; New England Biolabs, Ipswich, MA, USA) and anti-His (1 : 1000) antibodies. Interaction between recombinant PfSufD and native SUF proteins was investigated by using Ni-nitrilotriacetic acid beads. Parasite lysate was prepared from 50 mL of mixed-stage culture (~9% parasitaemia, predominantly at the trophozoite stage). Parasites were released from infected RBCs after saponin lysis by incubation in 1 mL of lysis buffer containing 50 mM Tris-Cl, 1% (v/v) Triton X-100, 0.6 M KCl, protease inhibitor cocktail, and 1 mM PMSF followed by preclearing of the lysate with 50 lL of 50% (v/v) slurry of Ni-nitrilotriacetic acid beads for 1 h. 10 lL of the lysate was stored for gel loading and the remaining precleared lysate was incubated with 400 lg of recombinant His-PfSufD for 6 h, followed by the addition of Ni-nitrilotriacetic acid superflow beads to the mixture and incubation for 2 h at 4°C. Beads were washed on tube rotator with 1 mL of 0.1% (w/v) BSA in PBS for 10 min (93). Bound proteins were eluted by boiling the beads in 80 lL of 29 Laemmli buffer at 100°C for 5 min. Proteins were separated on 12% SDS/PAGE and silver stained. Identical gels loaded with 5 lL of lysate and 15 lL each of eluate, pooled wash, and control bead eluate (without His-PfSufD) were probed with anti-PfSufB int [17] (1 : 50), purified antiPfSufC [17] (1 : 100), and anti-His (1 : 1000) antibodies in western blots. For the silver-stained gel, total lysate was diluted 1 : 5 times for loading.
Chemical cross-linking
In vivo protein cross-linking was carried out with DSP (Calbiochem)-a cell-permeating, reduction-sensitive crosslinker as described in Charan et al. [18] . Briefly, infected RBCs were washed once with PBS, resuspended in PBS containing 2 mM DSP, and incubated for 30 min at room temperature. The reaction was stopped by incubation with a final concentration of 25 mM Tris-Cl (pH: 7.5) at room temperature for 15 min. Parasites were released from RBCs by saponin lysis, resuspended in 19 NRSB buffer [0.05 M Tris-Cl pH: 6.8, 10% (v/v) glycerol, 2 mM EDTA, 2% (w/ v) SDS, bromophenol blue] with increasing concentrations of DTT, and incubated at 80°C for 5 min. Electrophoresis in an SDS/PA gel was followed by western blotting with anti-PfSufD Ab (1 : 100), and anti-PfSufB int (1 : 50), and anti-PfSufC (1 : 100) sera.
Preparation of apoprotein and [Fe-S] reconstitution
For preparation of the apoprotein form, protein was treated with EDTA and potassium ferricyanide in a molar ratio of protein: EDTA: potassium ferricyanide of 1 : 50 : 20 [60, 61] . After 10-15 min or when loss of color from the cluster was observed, the solution was desalted on NAP-5 column (GE-Healthcare, Chicago, IL, USA) equilibrated with buffer (25 mM Tris-Cl pH: 7.5, 100 mM NaCl pH: 7.5). The eluted apoprotein was aliquoted and stored in À80°C.
The [Fe-S] cluster reconstitution was performed as described by Loiseau et al. [62] . Reactions were set up in an anaerobic box and tubes with nitrogen flow purging. Apoprotein, prepared as described above, was incubated in buffer (25 mM Tris-Cl pH: 7.5, 100 mM NaCl, and 5 mM DTT) for 30 min at 4°C prior to addition of fourfold molar excess of ferrous ammonium sulfate. The mixture was incubated for 15 min followed by addition of sodium sulfide in fourfold molar excess of protein and further incubation for 2 h. EDTA (5 mM) was then added to remove nonspecifically bound iron and after 30 min incubation with EDTA, protein was desalted on a NAP-5 column and absorption spectrum was recorded immediately in a plate reader (BioTek Power Wave XS, Winooski, VT, USA).
Transfer of iron-sulfur clusters to AcnB and AcnB activity
The [Fe-S] cluster transfer reactions were carried out under anaerobic conditions. The target protein (GST-tagged AcnB), was first converted to its apo-form as above and then incubated with fourfold molar excess of holo-forms of PfSufA or PfNfu in buffer (25 mM Tris-Cl pH: 7.5, 100 mM NaCl, and 5 mM DTT) for 2 h at 4°C. For removal of PfSufA/PfNfu prior to analysis, the reaction mixture was loaded onto Ni-nitrilotriacetic acid resin. PfSufA/PfNfu bound to the resin and GST-AcnB was collected in the flow-through. Purity of obtained GST-AcnB was confirmed by SDS/PAGE. The UV-VIS absorption spectrum of the collected GST-AcnB was recorded. Activity of apo-and holo-GST-AcnB forms (5 lM) was determined by measuring the rate of NADPH generation using the Aconitase Assay Kit (Cayman Chemical, Ann Arbor, MI, USA).
Molecular modeling
We have previously reported the PfSufB-PfSufC interaction model wherein residues between 171 and 400 of PfSufB were proposed to interact with PfSufC [17] . For modeling the PfSufB-C 2 -D complex, the PfSufD subunit (aa: 928-1462) was first modeled on the crystal structure of E. coli SufD [35] using MODELLER 9v8 [63] . Sequence alignment was performed by clustalW [64] . The generated model was validated through Ramachandran plot (Ramachandran plot analysis of the PfSufD model showed 86.1%, 10.7%, 1.8%, 1.4% of residues in core, allowed, generously allowed and disallowed regions, respectively) and structural comparison was done with respect to the template. To propose a model for PfSufC-D interaction, docking of PfSufC and PfSufD was performed using the GRAMMX server [65] (http://vakser.bioinformatics.ku.edu/resources/gramm/grammx/). The predicted model was compared with the reported E. coli SufC 2 -D 2 (PDB ID: 2ZU0) and the E. coli SufB-C 2 -D (PDB ID: 5AWF) crystal structures [35, 38] . In the next step, the previously reported PfSufB-C interaction model was docked to the predicted PfSufC-D model by proteinprotein docking using the GRAMM-X server to propose the structure model of the PfSufB-C 2 -D complex.
Construction of the SufS conditional KO targeting vector
For constructing the SufS conditional KO-targeting plasmid, two fragments were amplified from P. berghei genomic DNA. Primer pairs F1 and R1 amplified 0.78 kb from the 3 0 region of the gene followed by the first 12 nucleotides of the TRAP 3 0 -UTR and F2 and R2 amplified 0.55 kb from 3 0 -UTR of the gene. Both fragments were cloned at XhoI/NotI and HindIII/XhoI restriction sites simultaneously into the transfection vector p3 0 regFRT [66] . The targeting plasmid was linearized using XhoI. Parasite transfection and selection was performed as described by Janse et al. [67] . Briefly, schizonts of the P. berghei TRAP/FlpL line were transfected with the targeting construct by electroporation using the Nucleofactor device (Lonza) and injected intravenously into Swiss mice. After 24 h, the mice were subjected to pyrimethamine treatment for 5-7 days to select stably transfected parasites. For generating a clonal line, parasites were diluted and intravenously injected into mice such that each mouse received a single parasite. The SufScKO parasites emerging from a single clonal population were further confirmed by site-specific integration PCR. Integration primer pairs F3-R3 and F4-R4 (Table S1 ) were used for the 5 0 -and 3 0 -end, respectively. The P. berghei TRAP/FlpL line used to generate conditional KO served as control in all the experiments.
Infection with SufScKO parasites
Anopheles stephensi mosquitoes were fed on infected Swiss mice having gametocyte positive parasites. The infected mosquito cages were placed in a chamber maintained at 19°C and 80% RH until day 16 postinfective blood meal and then transferred to 25°C. Dissections of mosquito midguts and salivary glands were performed in DMEM (Invitrogen). For oocyst counting, the mosquito midgut was stained with mercurochrome with minor modifications of the method of Usui et al. [68] . Briefly, the midgut was kept in 0.5% mercurochrome for 10 min followed by washing in PBS for 10 min and finally fixed with 4% formaldehyde for 20 min. The salivary glands were mechanically disrupted, and the debris was pelleted after centrifugation at 60 g for 4 min. The supernatant that contained sporozoites was separated and sporozoites were counted under a microscope using a hemocytometer.
Female C57BL/6 mice (6 weeks old) were infected by mosquito bite (23 day postinfectious blood meal, 10 mosquitoes per mouse) by TRAP/FlpL or SufScKO sporozoites. All the mosquitoes were determined to have taken blood meal by visual inspection. Parasitaemia of infected mice was checked daily by Giemsa-stained blood smear.
Statistical analysis
Unpaired two-tailed Student's t-test was used to compare independent means for statistical significance. P value < 0.05 was considered significant.
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